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Abstract 
Sex chromosomes are found throughout many diverse lineages across the animal and 
plant kingdom. Most of the sex chromosomes that have been studied are well established and 
have already experienced many evolutionary forces, making it difficult to reconstruct the 
dynamic changes involved in the evolution of sex chromosomes. Sex chromosomes are evolved 
from a pair of autosomes with closely linked sex determining genes that have stopped 
recombining.  
Papaya has many qualities that make it attractive for studying sex chromosome genetics. 
It is trioecious (male, female, and hermaphrodite) with sex determined by a pair of nascent sex 
chromosomes approximately 7 million years old. The genome is relatively small (442.5 Mb) and 
the sex determining region of the sex chromosomes is small and well characterized; the 
hermaphrodite and male specific region of the Y
h
 and Y chromosome respectively is 8.1 Mb and 
the corresponding X is 3.5 Mb. These sex specific regions of the X and Y chromosomes not only 
contain the genes that control sex type, but they also have genes associated with the different 
sexes. 
While the vegetative forms of the three sexes are phenotypically identical, the 
reproductive structures are unique. In stark contrast to female and hermaphrodite flowers on 
male plants are borne on long pendulous peduncles (60-90 cm) at the leaf axis. Female and 
hermaphrodite flowers are borne on short peduncles (0-4 cm). Gynodioecious varieties SunUp, 
SunUp Diminutive mutant and dioecious AU9 were used to test the response of papaya to 
gibberellic acid (GA3). Gibberellic acid is a hormone known to cause elongation of stems 
throughout the plant kingdom. It is also known as a masculinizing hormone. Exogenous 
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applications of GA3 on female and hermaphrodite papaya did not yield any sex reversals but 
there was a significant increase in peduncle length and inflorescence branch number in all treated 
plants. There was an increase in plant height for all treated plants except SunUp Diminutive 
mutant, suggesting that the mechanism causing the dwarf phenotype is independent of 
gibberellins. Gibberellin metabolism genes were identified in the papaya genome, none of which 
mapped to the sex-determining region of either the male- or hermaphrodite-specific region of 
papaya Y or Y
h
 chromosome. We hypothesize that a trans-acting regulatory element that 
enhances gibberellin biosynthesis plays a role in the extreme length of the male papaya peduncle 
Sex chromosomes experience several evolutionary forces. To further study the structure 
of the sex chromosomes, a mapping population was created to generate a high density genetic 
map. A female AU9 was crossed with a hermaphrodite SunUp, the resulting offspring was 
backcrossed to the hermaphrodite SunUp. Fifty-one individuals derived from this cross were 
used to create restriction-site associated DNA sequencing (RAD-seq) libraries. A total of 228 
RAD-seq markers were mapped to 9 major and 2 minor linkage groups. Previous studies have 
shown that the Y chromosome experiences severe recombination suppression along the sex 
determining region. The resulting map from this study showed that the X chromosome is not 
experiencing recombination suppression. Additionally, possible centromere locations were 
identified for the other chromosomes. 
Sex chromosomes also undergo degeneration of genetic material. The effective 
population size of the sex chromosomes is reduced compared to the autosome. The lack of 
recombination, especially for the Y chromosome also increases the rate of degeneration. RNA 
seq data was generated using flower and leaf tissue from females, males, and hermaphrodite 
individuals to determine the rate at which the Y chromosome is experiencing degeneration. 
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Expression levels were compared between the X and Y linked alleles in males and 
hermaphrodites. If there is no Y degeneration, then the expression levels between the sex linked 
alleles should be equal. Expression of male leaf tissue had significantly less expression of the Y 
allele compared to the X allele. This was not found in hermaphrodites and in all flower tissue. 
Dosage compensation is a phenomenon utilized by many organisms with sex 
chromosomes to account for the heterogametic sex having only one allele for many of the genes 
on the sex chromosome. While many organisms compensate expression levels in the 
heterogametic sex, this is not true of all animals. Very few studies have been conducted to 
determine if plants undergo the same evolutionary forces as animals and also evolve dosage 
compensation. There was no detectable dosage compensation in the primitive papaya sex 
chromosome. 
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CHAPTER 1: INTRODUCTION TO SEX CHROMOSOMES OF PAPAYA 
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Abstract 
Carica papaya is a fruit crop with primitive sex chromosomes. Much work has already 
been done on the sex chromosomes, including whole genome sequencing, high-density genetic 
mapping, sequencing of the sex determining region (SDR) of the sex chromosomes, and detailed 
annotations of the genes located in the SDR. Previous studies determined that the sex 
chromosomes are approximately 7 million years old and that they have undergone many 
chromosomal changes, including two major inversions. The SDR spans 8.1 megabases (Mb) on 
the Y chromosome and 3.5 Mb on the corresponding region of the X chromosome. Papaya is 
also fruit crop with a short generation time and can flower in as little as 9 months and a well 
pollinated fruit can produce approximately 1000 seeds. These features makes papaya an ideal 
organism to study sex chromosome evolution and traits associated with the sex chromosomes. 
Papaya as a model organism 
Carica papaya is ideal for studying fruit tree genomics. It is a trioecious tropical 
subtropical crop tree that can reach maturity in as little as 3-8 months and once flowering has 
commenced, the tree continues to flower throughout the year. Each tree produces 75-300 pounds 
of fruit per year with each fruit containing upwards of 1000 seeds per fruit. The male, female, 
and hermaphrodite flowers are readily distinguished from one another and the sex specific 
organs are prominent. This allows for easily controlled crosses. This characteristic, in addition to 
the short generation time and high seed count makes the creation of mapping populations 
feasible, unlike fruit trees that take years to mature and produce only a few seeds per fruit. 
                                                          
1
 Parts of this chapter appear in its entirety in Han. J., R. Ming. 2013 Molecular genetic mapping of papaya. In: R. 
Ming and P. Moore (eds.) Genetics and Genomics of Papaya. pp. 143-165. Springer, Heidelberg, Germany. This 
chapter is reprinted with permissions from the publisher. 
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Papaya is trioecious with sex type controlled by a pair of incipient sex chromosomes that 
are approximately 7 million years old (Wang et al., 2012); females are XX, males XY, and 
hermaphrodites have a modified Y chromosome and are designated as XY
h
 (Ming R. et al,. 2001; 
Ming R. et al., 2007). The genome size is relatively small at 442.5 Mb (Gschwend et al., 2012) 
and has a small number of chromosomes (2n = 18). The sex determining region of the sex 
chromosomes is relatively small and contains the genes that not only control sex type, but also 
many genes controlling traits associated with the different sex types, including peduncle length 
and branch number. This region comprises approximately 10% (3.5 Mb) and 13% (8.1 Mb) of 
the X and Y chromosome, respectively (Liu et al., 2004; Wang et al., 2012). There is little 
genome heterozygosity due to extensive inbreeding. Papaya is readily transformed via 
microprojectile bombardment (Fitch et al., 1992). These characteristics make it ideal for studying 
the dynamic changes involved in sex chromosome evolution, including gene degeneration, 
chromosomal rearrangements, and suppression of recombination.  
The model species Arabidopsis thaliana and Brassica rapa are close relatives of papaya. 
All three species belong to the order Brassicales and their respective families, Caricaceae and 
Brassicaceae, diverged from a common ancestor 72 million years ago (Wikstrom et al., 2001). 
Since Arabidopsis and papaya have diverged, Arabidopsis has undergone two whole genome 
duplications (Blanc, 2003). This close relationship makes papaya an ideal out-group for 
comparative genomic studies. Not only does papaya of interest for genomic studies, but it is also 
an agriculturally significant crop and is one of the world’s most nutritious fruit per serving.  
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Background 
There are many breeding systems within flowering plants. Plants can be dioecious, (male 
and female flowers on separate trees), monoecious (male and female flowers on the same plant), 
or synoecious (flowers hermaphroditic). Synoeciousism is the most common breeding system 
and dioecy is the least common. Dioecy is seen in only 6% of species, which span 38% of 
angiosperm families (Renner and Ricklefs, 1995). Dioecy has evolved independently across 
lineages from a synoecious ancestor (Takhtajan, 1969). In order for sex chromosomes to evolve, 
there must first be both sex determination genes located close enough one another to be linked 
and eventually undergo recombination suppression between the chromosomes (Charlesworth and 
Charlesworth, 1978; Charlesworth and Buttman, 1999; Charlesworth et al., 2005).These sex 
determination genes can have any number of functions, so long as one leads to male sterility and 
the other female sterility.  
In the XY sex determination system females are the homogametic (XX) sex and males 
are heterogametic (XY). In order for the female genotype to evolve, there needs to be a loss of 
function mutation that leads to a male sterile mutant phenotype. The Y chromosome requires a 
functioning male promoting gene, as well as a carpel suppressing gene. Once these genes have 
been established, a key event has to take place to cause a cessation in recombination between the 
X and Y. This suppression of recombination is required as it makes it impossible for individuals 
to revert back to hermaphroditism or create neuter individuals. Wild strawberry has not yet 
evolved a mechanism to inhibit recombination between the two pseudo sex chromosomes and 
therefore many different sex types are frequently found, including neuter individuals. 
Suppression of recombination can occur through a variety of mechanisms including 
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chromosomal rearrangements (inversions, translocations, deletions, insertions, expansions, etc), 
DNA methylation, and centromeric location. 
Sex chromosome evolution in plants can be placed within six distinct stages of evolution 
(Ming et al., 2011). In the first stage of evolution the male and female sterile mutation are found 
linked on an autosomal chromosome. In this early stage, recombination suppression has not yet 
developed and multiple sexes occur within a population, including male, female, hermaphrodite, 
and sterile individuals. In the second stage, there is a small non-recombining region that 
surrounds the male and female sterile mutation. This marks the development of the male-specific 
region on the Y chromosome (MSY). In addition, the YY genotype is still viable. The third 
stage, which is the stage that defines Carica papaya, suppression of recombination has spread to 
neighboring regions. This expansion of the MSY is often due to the accumulation of repetitive 
regions due retrotransposon activity. The sex chromosomes are still cytogenically homomorphic, 
but there is a significant accumulation of single nucleotide polymorphisms (SNPs) and insertions 
and deletions (InDels). This is the first stage in which the YY genotype is non-viable. In stage 4, 
the MSY has extended to include the majority of the Y chromosome and there is extensive Y 
degeneration. Not only has the MSY region expanded to encompass most of the Y chromosome, 
but the Y chromosome itself has expanded in size compared to the X chromosome. This is the 
first stage in which heteromorphic sex chromosomes are apparent. Species that reach stage five 
are typified by an extensive loss of gene function on the Y chromosome resulting in the 
reduction of the Y chromosome size. Not all species undergo this stage of sex chromosome 
evolution. The final stage of sex chromosome evolution results in a Y chromosome that is 
entirely suppressed for recombination and there is a complete loss of the psuedoautosomal region 
(PAR). The Y chromosome continues to degenerate until the entire chromosome is lost from the 
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species. Instead of sex being determined by XY, it is now determined based on the X to 
autosome ratio (Ming et al., 2011). 
Sex chromosomes in papaya 
Elucidating the sex mechanism of papaya is captivating and important to geneticists and 
growers alike. This was first explored simultaneously by Hofmeyr in South Africa and Storey in 
Hawaii (Hofmeyr, 1938; Storey, 1938). A self-pollinated hermaphrodite resulted in a 2:1 
hermaphrodite to female offspring ratio. A female crossed with either a hermaphrodite or male 
always resulted in a 1:1 female to hermaphrodite or female to male ratio. A hermaphrodite 
crossed with a male cross resulted in a 1:1:1 female to hermaphrodite to male ratio. Based on 
these results, both Hofmeyr and Storey concluded that sex type must be controlled by a single 
gene with three alleles (Hofmeyr, 1938; Storey, 1938; Storey, 1941). They later revised their 
hypothesis to include that the sex determining gene is located on a sex chromosome and sex was 
determined using a sex chromosome to autosome ratio (Hofmeyr, 1939; Hofmeyr, 1967). Storey 
also concluded that other features associated with sex type, such as the long peduncles of males, 
and YY lethality, were controlled by genes closely linked to the sex determining gene. These 
closely linked genes were on the sex chromosome, and due to their close linkage, behaved as a 
single unit (Storey, 1953). 
Subsequent researchers suggested that papaya sex was determined using the XY system, 
with females as XX, males XY, and hermaphrodites as XY2 (Horovitz and Jimenez, 1967). 
Another hypothesis of sex determination includes trans-regulatory elements acting to either 
promote stamen development or suppress carpel development (Sondur et al., 1996).  
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Much research has been done to discover the genes regulating the sex types. There have 
been multiple genetic maps created in hopes of finding a marker that can accurately predict the 
sex. Hermaphrodite plants are preferred in the field due to every plant being able to produce 
fruit. In addition, the fruit shape between females and hermaphrodites are different. Females 
produce rounded fruit whereas hermaphrodites produce elongated fruit. The elongated 
cylindrical shape is preferred due to its ease in shipping (Higgins and Holt, 1914). Currently, 
papaya growers must plant at least 5 seeds per mound to ensure a hermaphrodite tree. The 
remaining plants are cut down once sex can be determined. This requires a vast amount of 
resources in terms of manual labor, nutritional requirements for the plants, and additional 
fertilization and irrigation. If there was a way to ensure a true breeding hermaphrodite, this could 
save the papaya industry a significant amount of money. 
Mapping of the sex chromosomes 
The first genetic map for papaya explored three easy to distinguish phenotypes – sex 
type, flower color, and stem color. Hofmeyer in 1938 reported that flower color was a sex linked 
trait but stem color was inherited independently of sex type. The first genetic map spanned 41 
cM and linked stem color with flower color (17.3 cM between the loci). Sex type was loosely 
linked with a distance of at 41 cM away (Hofmeyr, 1939). The low resolution of this map made 
it unable for use in predicting sex type (Table 1.1) 
The next genetic map was not developed until almost 60 years later and utilized of 61 
random amplified polymeric DNA (RAPD) markers and one morphological marker, sex type 
(Sondur et al.,1996). Unrelated and morphologically distinct lines were selected as parents to 
maximize polymorphisms in the F2 mapping population. In spite of these precautions, the extent 
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of morphological differences between the parents did not correlate well with the minimal 
molecular differences seen in the parents. The 62 markers mapped to 11 linkage groups (LGs), 
spanning a total of 999.3 cM, with an average distance of 19.6 cM between adjacent markers 
(Table 1.1). The dominant nature of RAPD markers resulted in inflated map distances between 
markers as the heterozygote genotype was masked. Nevertheless, the sex type locus, Sex1, was 
mapped for the first time to LG 1 with eight additional markers. No suppression of 
recombination was found on any of the linkage groups, including the linkage group containing 
the sex locus. This is most likely due to the low marker density, and therefore low resolution, of 
this RAPD map. While recombination was found throughout LG 1, the Sex1 locus displayed 
segregation that deviated from expected Mendelian ratios. The two flanking markers, OPT12 and 
OPT1C, both located approximately 7 cM away, segregated in the expected 3:1 ratio for 
dominant markers, whereas Sex1 segregated two hermaphrodites to one female. 
The third genetic map was the first high-density map. It was based on 1,498 amplified 
fragment length polymorphisms (AFLP) markers, a papaya ringspot virus coat protein marker 
(PRSVCO), sex type, and fruit flesh color (Ma et al., 2004). The 1,501 markers mapped to 12 
linkage groups spanning 3294.2 cM, with a mean distance of 2.2 cM between markers (Table 
1.1). Another 269 AFLP markers were mapped to minor linkage groups or remained unlinked. 
This map was a vast improvement over the previous linkage map. The linkage group numbers 
were assigned in descending order based on the genetic length of each group, with the exception 
that LG 1 was named on the basis that it contained the sex locus. The region surrounding the sex 
type locus on LG 1, henceforth referred to as the sex-determining region (SDR), displayed severe 
suppression of recombination. Of the 342 markers mapped to LG 1, 225 (66 %) co-segregated 
with sex in the expected 2:1 ratio seen in YY sex-lethal systems.  
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Storey (1953) proposed that the sex determination gene and the genes responsible for the 
characteristics associated with specific sex types, such as peduncle length, flower morphology, 
and fruit shape, are closely linked. This complex of genes lay in a region where crossing-over is 
inhibited, thereby causing the entire region to act as a single unit. The suppression of 
recombination observed at the SDR provided support for this hypothesis. The high percentage of 
co-segregating markers on LG 1 also suggests considerable sequence divergence between the X 
and Y
h
 chromosomes in the SDR.  
DNA methylation is a prominent feature of plant genomes. Genome methylation was 
assessed by comparing the distribution of PstI to EcoRI markers. The observed frequency of PstI 
markers deviated significantly from the expected equal distribution on all linkage groups. There 
was a significantly low frequency of PstI markers compared to EcoRI markers at the SDR on LG 
1, suggesting hypermethylation and therefore a low gene density in this region. Hofmeyr 
proposed over 40 years ago that the SDR contained few active genes (Hofmeyr 1967). The high 
methylation levels support this hypothesis. The high methylation and low gene paucity in the 
SDR was later confirmed using fluorescence in situ hybridization, immunofluorescence assays, 
and detailed BAC analysis (Liu et al., 2004; Yu et al., 2007; Zhang et al., 2008).  
A total of 59 marker clusters were found distributed throughout all 12 linkage groups. 
Clusters are typically associated with regions in which recombination is suppressed. It was 
previously shown that the heterochromatic nature of centromeres leads to marker clusters on 
genetic maps (Alonso-Blanco et al., 1998; Copenhaver et al., 1999; Vuylsteke et al., 1999). 
While some of the marker clusters found are likely indicative of centromere location, the 
disproportionate number of clusters (59) to chromosome number (9) makes it difficult to ascribe 
specific clusters with centromere location. 
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Other notable features were the mapping of the fruit flesh color and the papaya ringspot 
virus coat protein marker. Yellow fruit flesh color is associated with fruit firmness, whereas red 
fruit flesh color is associated with shorter shelf life, sweeter taste, and better flavor. The fruit 
flesh color and PRSVCO markers mapped to opposite ends of LG 7. Mapping the gene of 
interest and finding markers associated with it is the first step toward a directed breeding 
program based on marker-assisted selection. 
While generation of the high-density AFLP genetic map provides a significant step 
toward using genetic maps for genome analysis, the anonymous nature of AFLP markers makes 
it difficult to integrate genetic and physical maps. Attempts were made to anchor the AFLP 
marker data to genome sequence using plate, row, column, and diagonal pools of BAC DNA 
from the papaya BAC library (Ming et al., 2001), but these attempts resulted in high percentages 
of false positives (Q. Yu, P.H. Moore, R. Ming, unpublished results). The development of a 
sequence-based genetic map was necessary for anchoring the genetic map with the physical map 
and assigning the linkage groups to individual chromosomes. It was toward this end that a 
sequence-based high-density genetic map was made. 
An F2 population with 54 plants was used to map 706 simple sequence repeat (SSR) 
markers and the morphological marker fruit flesh color. The SSR markers were generated from 
the 13.7 × coverage SunUp hermaphrodite BAC end sequences and the SunUp female whole 
genome shotgun sequence. The map produced 12 linkage groups (nine major and three minor 
linkage groups), comprising a total of 1068.9 cM with a mean of 1.5 cM between markers (Table 
1.1) (Chen et al., 2007). The nine major linkage groups correspond to the nine chromosomes of 
papaya, but the minor linkage groups had insufficient data to map to one of the chromosomes. 
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Although only 707 markers were used to generate the SSR map, compared to1,501 
markers for the AFLP map, the genetic distance of the SSR map was condensed as SSR markers 
are inherently more informative. Unlike AFLP markers, SSR markers are usually co-dominant, 
allowing for the identification of heterozygotes in a mapping population. Another factor 
contributing to decreased marker distance is the genetic distance between the parents used to 
form the mapping F2 population. The AFLP genetic map was generated using a cross between 
cultivars Kapoho (female) × SunUp (pollen donor) (Ma et al., 2004). While these parents are 
morphologically distinct, they were derived from the same gene pool and therefore genetically 
very similar. The SSR genetic map was based on a mapping population generated from a cross 
between AU9 (female) × SunUp (pollen donor), which are more genetically distant from each 
other than are Kapoho and SunUp. Parents that are more genetically similar display an increase 
in recombination rates leading to increased genetic distances, whereas parents that are 
genetically more distant exhibit a decrease in recombination resulting in smaller genetic 
distances. Another technique used by Chen et al. (2007) to minimize inflating genetic distances 
was the removal of markers missing more than five data points. Missing data points can inflate 
genetic distances. 
There were 11 sex co-segregating SSR markers mapped in the SDR. SSR marker 
P3K2981YC0 mapped 1 cM away from SDR, which is attributed to two missing data points for 
this marker. LG 1 contains 78 SSR markers, 11 (14 %) of which co- segregate with sex type. 
Again, as seen on the AFLP map, segregation distortion was apparent in the SDR on LG 1. The 
major region of distortion was made up of 51 of the 78 markers found on LG 1. The 51 markers 
include the 11 that segregated 2:1 instead of the expected Mendelian 3:1 ratio. This 2:1 ratio is 
the same seen on the AFLP genetic map (Ma et al., 2004). While the remaining 27 markers do 
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not segregate 2:1, they do deviate from the expected 3:1. The 11 sex co-segregating markers 
compose 14 % of the total number of markers found on LG 1. This is a dramatic decrease 
compared to the previous map that found 66 % of all markers on LG 1 co-segregating with sex 
type (Ma et al., 2004). This is most likely due to the nature of the markers used in both studies. 
SSR markers are found in genetic regions, while AFLP markers are randomly distributed 
throughout the genome, regardless of gene content. The SDR is known to be gene poor, 
accounting for the decrease in percentage of markers that co-segregate with sex (Yu et al., 2007). 
Another major region of segregation distortion was found near the end of LG 6, contained 24 
markers (22.6 %), and spanned an 8 cM region. The SSR markers in this region are co-dominant 
and should segregate 1:2:1, but instead there was a bias toward the homozygous SunUp genotype 
and a deficiency of the heterozygote genotype. 
Unfortunately there are no annotated genes in this region; however, Chen et al. (2007) 
hypothesized that either the genes in this co-segregating region are associated with YY genotype 
abortion or possibly the function of the genes located here are advantageous when in the 
homozygous state. The other minor regions of segregation distortion are likely due to genetic or 
physical characteristics on the chromosomes. This phenomenon of localized sites of low 
recombination is likely the basis for the inability for integrating the three minor linkage groups 
with the nine major linkage groups. 
Similar to the previous high-density genetic map, the SSR markers were not 
homogeneously distributed throughout the linkage groups. Clusters of markers were found on 
each major linkage group. These clusters most likely correspond to centromere location, but over 
20 clusters were found, again making it difficult to attribute specific clusters to centromere 
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location. Gaps greater than 5 cM between markers were also found on all nine major linkage 
groups. 
To integrate the minor linkage groups with the major linkage groups, Blas et al. (2009) 
enriched the SSR map first reported by Chen et al. (2007) with AFLP markers. The same 
mapping population used to generate the SSR map was used for this study. In total, 712 SSR, 
277 AFLP, and the morphological marker fruit flesh color were used. These markers mapped to 
nine major and five minor linkage groups spanning a total of 945.2 cM with a mean of 0.9 cM 
between adjacent markers (Table 1.1). As the same SSR markers were used, the same linkage 
group designation was used between the two maps. 
Contrary to expected, the addition of AFLP markers to the SSR map decreased the 
overall mapped genetic distance by 123.4 cM (11.5 %). The decrease in map size is attributed to 
tighter linkage associations between markers. Typically the addition of AFLP markers increases 
total map length due to the dominant nature of the markers. The AFLP markers also reduced the 
number of gaps found on linkage groups to 27 gaps and rearranged marker order on eight of the 
nine linkage groups. It also incorporated six SSR markers that previously had been unlinked to 
any linkage groups. Two additional minor linkage groups were created; LG 13 consists of 
entirely AFLP markers, and LG 14 contains 2 AFLP markers and three SSR markers previously 
mapped to the end of LG 1. 
Recombination suppression at the SDR on LG 1 was more apparent on the combined 
AFLP and SSR map than on the earlier SSR map. In this combined map, 38 markers co-
segregated with sex type: 11 SSR and 27 AFLP markers. These 38 markers account for 32 % of 
all markers mapped to LG 1 compared to 14 % of markers found on the SSR map (Chen et al., 
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2007). This phenomenon can be explained by the high repetitive sequence content, high 
methylation, low gene content, and the type of markers used (Liu et al., 2004; Yu et al., 2007, 
2008; Ming et al., 2008; Zhang et al., 2008). The high percentage of sex co-segregating AFLP 
markers is indicative of the high polymorphism rate found in the SDR and further validated the 
hypothesis of rapid divergence in the SDR between the X and Y chromosomes (Yu et al., 2008). 
Evolution and annotation of the papaya sex chromosomes 
The sex specific region of the papaya sex chromosomes were physically mapped by 
selecting sex co-segregating bacterial artificial chromosome (BAC) clones. Selected BACs were 
verified using PCR amplification and florescence in situ hybridization (FISH) to the Y or X 
chromosome (Wang et al., 2012). Additional BACs were selected by sequencing the BAC ends 
and designing probes to select additional BACs to perform chromosome walking. The BACs 
were isolated and shotgun libraries were made with an 8 to 20 fold coverage then Sanger 
sequenced (Wang et al., 2012). Putative genes in the sex specific regions of the sex 
chromosomes were identified based on homology and gene prediction programs, including 
FgeneSH, Genscan, and Augustus. The papaya ESTs, gene models, and RNA seq data were also 
utilized in gene identification. Each predicted transcript was manually verified for splicing sites 
and amino acid translation. RT-PCR was performed using male, female, and hermaphrodite 
leaves and flowers to verify expression of putative genes. RNA-seq data from shoot apical 
meristems of male and female plants were also used to validate expression of predicted genes. 
Genes were designated as pseudogenes if premature stop codons, frame shift mutations, or 
truncated proteins were found. Putative functions were assigned based on conserved domains 
and homology to the non-redundant protein database. Genes were designated as either HSY 
specific, MSY specific, or paired between the X and Y/Y
h
 chromosome. 
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The paired gene locations were identified on the sex chromosomes. Gene location and 
synonymous substitutions per synonymous site (Ks) and silent substitutions per silent site (Ksil) 
analysis of gene pairs reveled distinct evolutionary strata. The strata correlate to major 
chromosomal rearrangements, specifically major inversions, followed by subsequent 
translocations and minor inversions, at least nine events. The first inversion correlates well to the 
first evolutionary strata and based on Ksil analysis, is thought to be about 7 million years old. 
The second strata and inversion is thought to be 1.9 million years old (Wang et al., 2012). (Fig. 
1.1) 
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Table 1.1 Characteristics of five genetic maps of papaya from 1939 to 2009 
 
No. of Marker Type 
No. of 
loci 
Total cM 
mapped 
No. 
LG 
Average 
distance 
(cM) 
Source 
Morphological 
marker 
Ringspot 
virus coat 
protein 
RAPD AFLP SSR 
 3 - - - - 3 41 n/a 20.5 Hofmeyr 1939 
1 - 61 - - 62 999 11 19.6 Sondur et al. 1996 
2 1 - 1498 - 1501 3294 12 2.2 Ma et al. 2004 
1 - - - 706 707 1069 12 1.5 Chen et al. 2007 
1 - - 277 712 990 945 14 0.9 Blas et al. 2009 
 
 
Marker Type is the type of either genetic marker or phenotype used to create the genetic map. No. of loci refers to the total number of 
loci used to produce the map. Total cM mapped is the total cM distance mapped for all linkage groups. No. LG is the total number of 
linkage groups generated. Average distance (cM) is the mean distance between adjacent markers. 
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Figure 1.1 Comparison of the 70 XY gene pair rearrangements between the X and Y papaya sex 
chromosomes with relative age of each evolutionary strata. The chromosomal rearrangements 
correlate with Ks values. 
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CHAPTER 2: EFFECTS OF GIBBERELLIC ACID ON SEX EXPRESSION AND 
SECONDARY SEXUAL CHARACTERISTICS IN PAPAYA
2
 
Abstract 
The vegetative forms of male (XY), female (XX), and hermaphrodite (XY
h
) papaya 
(Carica papaya L.) plants are phenotypically identical. However, the flower and inflorescence 
morphology of each sex type are unique. Gynodioecious varieties SunUp, SunUp Diminutive 
mutant and dioecious AU9 were used to test the response of papaya to gibberellic acid (GA3). 
Exogenous applications of GA3 on female and hermaphrodite flowers of papaya did not yield 
any sex reversal phenotype but caused a significant increase in peduncle elongation and 
inflorescence branch number in all treated plants. An increase in flower number was seen in 
females but not hermaphrodites or males. There was an increase in plant height for all treated 
plants except SunUp Diminutive mutant, suggesting that the mechanism causing the dwarf 
phenotype is independent of gibberellins. Gibberellin metabolism genes were identified in the 
papaya genome, none of which mapped to the sex-determining region of either the male- or 
hermaphrodite-specific region of papaya Y or Y
h
 chromosome. We hypothesize that a trans-
acting regulatory element that enhances gibberellin biosynthesis plays a role in the extreme 
length of the male papaya peduncle 
 
                                                          
2
 This chapter appeared in its entirety in Han, J., J.E. Murray1, Q. Yu, P.H. Moore, R. Ming. 2014. The effects of 
gibberellic acid on sex expression and secondary sexual characteristics in papaya. HortScience 49:378-383. This 
chapter is reprinted with permissions from the publisher. 
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Introduction 
Papaya (Carica papaya L.) is a major fruit crop in tropical and subtropical regions. In a 
comparison against 34 commonly consumed fruits, papaya ranks as number one in many 
categories including vitamin A and C, potassium, folate, niacin, thiamine, riboflavin, iron, and 
calcium (Liebman, 1992). Papaya is a trioecious species with a pair of nascent sex chromosomes 
controlling sex type; females are XX, males XY, and hermaphrodites XY
h 
(Ming et al., 2001; 
Ming et al., 2007). The sex determining region of the sex chromosomes comprises approximately 
8.1 Mb and 3.5 Mb of the Y- and X-specific region of the Y/Y
h
 and X chromosome, respectively 
(Liu et al., 2004;Wang et al., 2012). Although sex is determined by the sex chromosomes, 
environmental factors such as temperature and nutrient availability can alter sex expression in 
papaya (Lange, 1961; Ghosh and Sen, 1975). The sex determining region contains not only the 
genes controlling sex type (male and female sterile genes), but also genes controlling sex linked 
traits, such as peduncle length and inflorescence branch number. 
The vegetative forms of the three sex types of papaya are phenotypically homomorphic 
but the reproductively mature trees are morphologically distinct. Male trees develop long, 
pendulous inflorescences (60-90 cm) bearing numerous flowers that originate at the leaf axis. 
The individual male flowers are slender and tubular in shape with five stamens surrounding a 
small vestigial ovary. The extreme length of the primary peduncle is a principal attribute of male 
papaya plants. Female and hermaphrodite flowers also develop from the leaf axis but, unlike 
male flowers, they are borne singly or in small cymes of up to 3 flowers on short peduncles (0-4 
cm). Pistillate flowers have an enlarged base, taper towards the tip, are much larger than 
staminate or hermaphroditic flowers, and lack any trace of stamens. Hermaphrodite flowers are 
less bulbous than female flowers but thicker than male flowers. They are intermediate in size, 
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have functional carpals and stamens, and are able to self-pollinate. Hermaphrodite plants are 
often preferred for commercial production because they do not require males for pollination and 
produce pyramidal shaped fruits which are good for packaging compared to the spherical fruit 
produced by females (Higgins and Holt, 1914)  
Plant hormones play diverse roles in growth and development, with most having 
pleiotropic effects. Gibberellin is a major phytohormone that functions to not only promote 
normal growth and development, but it is also able to affect sex expression in many plant species 
(reviewed by Khryanin, 2002). Although more than a hundred gibberellins (GAs) have been 
identified in plants, only a few are known to function as biologically active hormones, including 
GA1, GA3, GA4, and GA7. Most GAs exist in plants as either precursors to bioactive GAs or as 
deactivated GAs. Bioactive GA concentration can vary between tissue types and is determined 
by the rate of synthesis versus the rate of deactivation.  
GAs were first recognized due to their effects on stem elongation. Exogenous 
applications of gibberellic acid (GA3) reversed the mutant dwarf phenotype of peas (Brian and 
Hemming, 1955) and maize (Phinney, 1956), allowing them to reach mature heights similar to 
normal plants. GAs are now known to be essential in many diverse stages of plant growth and 
development, including germination, leaf expansion, flower induction and development, and fruit 
and seed growth (Davies, 1995). GAs have also been shown to promote the formation of males 
flowers in many dioecious species, including Spinacia oleracea (Chailakhyan and Khrianin, 
1978a), Cannabis sativa (Mohan Ram and Jaiswal, 1972; Chailakhyan and Khrianin, 1978b), 
Rumex actosella L (Bavrina et al., 1991), and the gynoecious line of Cucumis sativus (Peterson 
and Anhder, 1960; Mitchell and Wittwer, 1962; Pike and Peterson, 1969). While GA usually 
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promotes maleness in flowers, this is not true for all species. Exogenous applications of GA3 in 
maize results in the feminization of tassels at the apical inflorescence (Hansen et al., 1976).  
The present study was designed to identify GA metabolism genes in papaya and to 
examine the effects of gibberellic acid (GA3) on sex expression and the development of female 
and hermaphrodite plants. We also examined the effect of exogenous GA3 applications to 
determine if the dwarf phenotype of SunUp Diminutive mutant plants was due to a mutation in 
GA metabolism, GA perception, or an unrelated pathway  
Materials and methods 
Field Treatment 
Experiment 1 – Seeds of three papaya cultivars – AU9, SunUp, and SunUp Diminutive, 
were sown in the experimental field station at Kunia, Oahu, Hawaii. The plants were clearly 
marked before treatment began to observe any changes in sex types or development. Treatment 
began 16 weeks after germination and continued twice a week for 2.5 weeks, for a total of 5 
treatments. Exogenous application of 3.5 mL of 0.1 mM GA3 (Sigma Aldrich) was applied via 
spray bottle to newly emerged leaf tissue [AU9 (n=18), SunUp (n=16), SunUp Diminutive 
(n=11)]. Four days following the last treatment, the following data was recorded – plant height, 
peduncle length, inflorescence branch number, flower number, and sex type. Plant height was 
taken from the ground to the top of the newly emerged leaf. Peduncle length was measured from 
the trunk of the plant to the beginning of the first flower. The total number of inflorescence 
nodes and branches was also recorded. Sex type was established by examining flower structure 
and determining the presence/absence of carpals and stamens. The control papayas were left to 
25 
 
grow under natural conditions in the field (no application of GA3). Experimental groups were 
compared using the student t-test. Values were considered significant if alpha ≤ 0.05. 
Experiment 2 – Seeds of AU9 were sown in the experimental field station at Kunia, 
Oahu, Hawaii. Male and female AU9 papaya plants were treated with GA3 after 8 weeks of 
growth. One of three different concentrations of the phytohormone was applied - 1X (125mg/L), 
2X (250mg/L), or 4X (500mg/L) [GA3 treatment: male (n=17), female (n=14)]. The solutions 
were applied in the same manner as described in experiment one biweekly for six weeks. The 
control papayas were left to grow under natural conditions in the field (no application of GA3). 
Experimental groups were compared using analysis of variance test (ANOVA). Values were 
considered significant if p ≤ 0.05. 
Identification and Mapping of GA metabolism genes 
The Carica papaya SunUp genome, papaya EST, and papaya gene model database was 
screened using TBLASTN+2.2.28 against known GA metabolism genes in Arabidopsis thaliana, 
Oryza sativa, and Populus trichocarpa, for transcript unit identification using default parameters. 
Gene structure was manually verified for exon and intron placements. Each predicted transcript 
was translated into all six reading frames to distinguish protein-coding genes from pseudogenes. 
Putative functions of protein-coding transcripts were predicted using conserved domains and 
homologous gene functions. Putative transcripts with truncated or missing conserved domains 
were not considered functional GA metabolism genes. The predicted genes were mapped to 
linkage groups on the SSR genetic map (Chen et al., 2007) using blastn. 
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Results 
Influence of GA3 treatment on sex expression 
Individual papaya trees were clearly marked at the beginning of the treatments. 
Flowering had already commenced in most of the plants and the sex was determined prior to the 
first treatment. There was no change in sex expression in any of the GA3 treated and untreated 
papaya cultivars (data not shown).  
Influence of GA3 treatment on secondary sexual characteristics 
Exogenous applications of GA3 increased peduncle length in female, hermaphrodite, and 
male plants in all varieties tested (Fig. 2.1). Female AU9 peduncles increased from 1.9 cm to 
25.2 cm with GA3 application and male AU9 peduncles increased from 11.7 cm to 31.3 cm (p < 
0.0001). GA3 treatment to female and hermaphrodite SunUp plants increased peduncle length 
from 1.2 cm to 20.0 cm and 1.1 cm to 18.8 cm, respectively (p < 0.0001). Female and 
hermaphrodite SunUp Diminutive mutant peduncles increased from 1.5cm to 12.2cm and 2.1cm 
to 5.9 cm, respectively (p <0.0003) (Fig. 2.1A). The extended peduncle phenotype seen in GA3 
treated female and hermaphrodite plants is similar to untreated males (Fig. 2.2). 
There was a marked increase in the number of inflorescence branches in all GA3 treated 
plants except for the SunUp Diminutive mutant. Average AU9 inflorescence branch number 
increased from 3 to 20.2 and 1 to 4.3 in females and males, respectively with the application of 
GA3 (p < 0.01) and SunUp inflorescence branch number increased from 2 to 20.25 and 3.6 to 
23.6, in females and hermaphrodites, respectively (p < 0.0001) (Fig. 2.1B). Although there was a 
significant increase in the number of inflorescence branching in the treated plants, the number of 
flowers per plant remained relatively stable. Treated female AU9 and SunUp plants showed a 
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slight increase in average flower number (p <0.03), whereas male AU9 and hermaphrodite 
SunUp and SunUp Diminutive plants displayed no significant change in flower number between 
treated and control plants (Fig. 2.1C). 
Influence of GA3 treatment on plant height 
The height of the plants rose dramatically with the treatment of GA3 for all plants except 
SunUp Diminutive mutant (Fig. 2.1D). The treated AU9 female plants had an average height 
increase of 18% and AU9 male plants increased 19% compared to SunUp female and 
hermaphrodites which displayed an average increase of 41% and 26%, respectively. Increasing 
the concentration of GA3 exaggerated the effect it had on the height of both female and male 
AU9 plants (p < 0.0001) but did not change the number of branching nodes per plant (Fig 2.3.), 
indicating that the increased height is due to internode elongation rather than an increase in total 
number of branches and nodes. 
Identification and mapping of GA metabolism genes 
The major GA metabolism genes were identified in papaya using homology and mapped 
to supercontigs and, where possible, individual chromosomes. None of the genes mapped to the 
sex determining region of the Y or Y
h
 chromosome (Table 2.1). The total number of genes 
involved in GA metabolism is similar between papaya and Arabidopsis, but if comparing the 
number of genes within each enzyme family, there is a considerable difference (Fig. 2.4). There 
are single copies of ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS) in 
both Arabidopsis and papaya. Papaya has appreciably more copies of ent-kaurene oxidase (KO) 
and ent-kaurenoic acid oxidase (KAO), three and five respectively, compared to Arabidopsis 
which has one and two copies (Fig. 2.4). The opposite trend is observed in the family of soluble 
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2-oxoglutarate-dependent dioxygenases (2ODD) – GA20-oxidase (GA20ox), GA 3-oxidase 
(GA3ox) and GA 2-oxidase (GA2ox). Arabidopsis has almost twice the number of enzymes for 
each family compared to papaya. GA20ox and GA3ox are involved in forming bioactive GAs 
whereas GA2ox functions to deactivate bioactive GAs. 
Discussion 
Papaya genetics, sex determination, and sex linked characteristics associated with the 
three sex types have been extensively studied (Hofmeyr, 1938; Storey, 1953; Lange, 1961; 
Ghosh and Sen, 1975; reviewed by Ming et al., 2007). Storey originally proposed in 1953 that 
the male peduncle length is a pleiotropic effect of unit factor alleles and lies within the sex 
determining region on the papaya sex chromosome. A long peduncle confers a reproductive 
advantage to males by increasing the number of flowers and the amount of pollen produced per 
tree compared to hermaphrodites. This is of particular importance in the ecology of papaya and 
the evolution and establishment of dioecy and sex chromosomes. Selective pressure favors a 
higher output of pollen in order for males to remain competitive against hermaphrodites 
(Charlesworth and Charlesworth, 1978). 
Exogenous applications of GA3 had a positive effect on peduncle length and 
inflorescence branch number in female and hermaphrodite papaya suggesting an increase in 
bioactive GAs plays a role in the extreme length and branch number seen in male papaya plants. 
If the short peduncles and few branch number found in females and hermaphrodites was due to 
an ability to perceive GAs, exogenous GA3 treatment would have had no effect in peduncle 
length and branching. GA3 treatment on male plants exaggerated the long peduncle phenotype 
seen in untreated plants. The gene responsible for the peduncle length and branch number should 
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be found only on the Y chromosome and not the Y
h
 or X. Mapping of GA metabolism genes 
yielded none mapping to the sex specific region of the X or Y/Y
h
chromosome (Wang et al., 
2012). The annotated sex specific region of the papaya sex chromosomes does not contain any 
known genes related to GA metabolism, perception, or signal transduction (Wang et al., 2012). 
This suggests that the gene responsible for the male secondary sexual characteristics is not a GA 
metabolism gene, but rather a trans-acting regulatory element.  
The male specific region of the Y and Y
h
 chromosome is approximately 8.1 Mb (Wang et 
al., 2012) and are 98.8% similar, with most of the differences resulting from repetitive element 
accumulation (Yu et al., 2008). Comparative genomic analysis between the sex-determining 
region in the Y and Y
h
 should reveal a small number of candidate genes responsible for the 
peduncle length and inflorescence branch number. EMS mutant studies have already been 
undergone in papaya with many male plants displaying shortened peduncles (Ming, unpublished 
dasta). Interestingly, mutants with shortened peduncles do not show a decrease in branching 
number. This is most likely due to separate genes controlling peduncle length and branch 
number. 
Exogenous applications of GA3 causes rapid, intensive growth in dwarf pea plants and 
maize, allowing them to reach the height of normal tall-growing varieties (Brian and Hemming, 
1955; Chailakhyan, 1979; Phinney, 1956). This phenomenon is not true for all mutant dwarf 
phenotypes (Mori et al., 2002; Tanabe et al., 2005). GA3 treatments had a positive effect on 
papaya plant growth in all varieties studied except for the SunUp Diminutive mutant. The dwarf 
mutant did respond to GA3 treatments in terms of peduncle length and inflorescence branch 
number, suggesting the short stature is likely not the result of insufficient GA biosynthesis or an 
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inability to perceive GAs, but rather the result of a mutation independent of GA metabolism or 
perception.  
Three distinct classes of enzymes mediate the GA metabolism pathway. The terpene 
cyclase class is composed of two members, CPS and KS (Aach et al., 1997; Helliwell et al., 
2001; Sun and Kamiya, 1994; Sun and Kamiya, 1997). CPS represents the first committed step 
in GA biosynthesis and the enzyme is highly conserved across species. The second class of 
enzymes includes the cytochrome P450 monooxygenases, KO and KAO. GA20ox, GA3ox, and 
GA2ox are soluble 2-oxoglutarate-dependent dioxygenases (2ODD), and comprise the final class 
of enzymes. Unlike the terpene cyclases and P450s, the 2ODD are encoded by multi-gene 
families. Inactivation of bioactive GAs is mediated by several methods but the best studied 
reaction is mediated by GA2ox and involves 2-hydroxylation. Deactivation of bioactive GAs 
has recently been shown to also occur via methylation of bioactive GAs (Varbanova et al., 2007), 
16, 17-epoxidation (Zhu et al., 2006), and conjugation (Schneider et al., 1992). 
Both papaya and Arabidopsis contain a single copy of each of the terpene class enzymes. 
Papaya has more copies of the cytochrome P450 monooxygenases than Arabidopsis. There are 
three copies of KO in papaya compared to only one in Arabidopsis, poplar and rice. These three 
copies are tandemly repeated within 10 kb of each other and less than 1 kb separates each of the 
genes. While all copies contain the ent-kaurene oxidase conserved domain, it is yet unknown if 
all three continue to function in GA biosynthesis or if subfunctionalization has taken place. Rice 
contains two functional copies of CPS, but only one copy functions in GA biosynthesis; the 
second is involved in diterpene phytoalexin biosynthesis (Prisic et al., 2004). The five copies of 
KAO are located on two different chromosomes. Three of the five copies are located on 
chromosome 8 and are also tandemly repeated, with an average of 1.5 kb of intergenic sequence 
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separating the genes. The tandem duplications of KO and KAO could be due to retrotransposon 
activity or unequal crossover. 
Unlike the terpene cyclases and P450 monooxygenases, papaya has significantly fewer 
genes in the 2ODD class enzymes. Arabidopsis has almost twice as many copies of each gene 
family compared to papaya. Papaya and A. thaliana are both in the order Brassicales. Their 
respective families, Caricaceae and Brassicaceae, diverged from a common ancestor 
approximately 72 million years ago (Wikstrom et al., 2001). Since papaya and Arabidopsis 
diverged, there have been two genome wide duplication events in Arabidopsis and none in 
papaya (Ermolaeva et al., 2003; Ming et al., 2008), possibly explaining why Arabidopsis has 
almost twice as many genes in these families as compared to papaya. 
During the course of evolution, dioecious plants have arisen continually from 
hermaphrodite ancestors, and the mechanism controlling sex expression varies between species 
(Dellaporta and Calderon-Urrea, 1993). Papaya males and hermaphrodites are heterogametic 
(XY or XY
h
) and females are homogametic (XX), similar to dioecious Silene that also utilizes an 
active Y system for sex determination. Applications of GA3 do not result in sex conversion in 
Silene (Dellaporta and Calderon-Urrea, 1993). Ghosh and Sen (1975) applied GA3 to papaya at 
the seedling stage at 50 ppm and 100 ppm. While there was a trend towards an increase in male 
plants in the GA3 treatment the results did not differ significantly from the control population. 
Exogenous applications of ethephon, a chemical that when metabolized is converted into 
ethylene, also yielded no change in sex expression of papaya (Ming, unpublished results). 
Similar to Silene, sex expression in papaya may not be affected by hormone content.  
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The application of GA3 promotes male secondary sexual characteristics in papaya plants, 
but has minimal effect on sex expression and flower development. To further this research, the 
newly sequenced male specific region of the Y chromosome will be compared to the 
hermaphrodite specific region of the Y
h
 chromosome and candidate genes will be evaluated to 
determine function in relation to peduncle elongation. This will yield a better understanding of 
the gibberellin metabolism pathway and responses in papayas. Elucidating the mechanism 
controlling peduncle length and flower number in male papaya plants will improve our 
understanding of how male papaya plants are able to remain competitive against hermaphrodite 
plants, which are able to self-pollinate.  
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Table 2.1. GA metabolism genes in Carica papaya and Arabidopsis thaliana 
Enzyme Coding Gene Chromosome CP Code Coding Gene Chromosome AGI code 
CPS CpCPS 3 evm.TU.supercontig_52.39 AtCPS 4 At4g02780 
           
KS CpKS n/a evm.TU.supercontig_596.3 AtKS 1 At1g79460 
           
KO CpKO1 n/a evm.TU.supercontig_357.4 AtKO 5 At5g25900 
  CpKO2 n/a evm.TU.supercontig_357.5     
  CpKO3 n/a evm.TU.supercontig_357.6     
           
KAO CpKAO1 3 evm.TU.supercontig_133.12 AtKAO1 1 At1g05160 
  CpKAO2 3 evm.TU.supercontig_133.24 AtKAO2 2 At2g32440 
  CpKAO3 8 evm.TU.supercontig_189.35     
  CpKAO4 8 evm.TU.supercontig_189.36     
  CpKAO5 8 evm.TU.supercontig_189.37     
           
GA 20-oxidase CpGA20ox1 9 evm.TU.supercontig_4.180 AtGA20ox1 4 At4g25420 
  CpGA20ox2 5 evm.TU.supercontig_18.153 AtGA20ox2 5 At5g51810 
  CpGA20ox3 n/a evm.TU.supercontig_823.1 AtGA20ox3 5 At5g07200 
       AtGA20ox4 1 At1g60980 
       AtGA20ox5 1 At1g44090 
           
GA 3-oxidase CpGA3ox1 7 evm.TU.supercontig_23.150 AtGA3ox1 1 At1g15550 
  CpGA3ox2 6 evm.TU.supercontig_91.24 AtGA3ox2 1 At1g80340 
       AtGA3ox3 4 At4g21690 
       AtGA3ox4 1 At1g80330 
           
GA 2-oxidase CpGA2ox1 5 evm.TU.supercontig_9.2 AtGA2ox1 1 At1g78440 
  CpGA2ox2 5 evm.TU.supercontig_18.97 AtGA2ox2 1 At1g30040 
  CpGA2ox3 4 evm.TU.supercontig_77.98 AtGA2ox3 2 At2g34555 
  CpGA2ox4 9 evm.TU.supercontig_166.2 AtGA2ox4 1 At1g47990 
       AtGA2ox6 1 At1g02400 
       AtGA2ox7 1 At1g50960 
        AtGA2ox8 4 At4g21200 
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Figure 2.1 Comparison of sex related phenotypic traits in response to GA3 applications. All 
measurements shown are means ± standard error. Treatment and control plants were compared 
using a student t-test. Values were considered significant if alpha ≤ 0.05. (A) Effect of GA3 
treatment on increased peduncle length, (B) branch number, (C) flower number, (D) and plant 
height  
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Figure 2.2 Morphological effects of GA3 treatment on peduncle length and inflorescence branch 
number. (A) Female untreated plant (B) Female GA3 treated plant (C) Hermaphrodite untreated 
plant (D) Hermaphrodite GA3 treated plant (E) Male untreated plant 
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Figure 2.3 Effect of increasing GA3 concentration on plant height and node number. Control 
plants received no exogenous applications. The treated plants were sprayed with the following 
concentrations of GA3 – 1X (125mg/L), 2X (250mg/L), 4X (500mg/L). Values shown are means 
± standard error. 
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Figure 2.4 Differences in the GA biosynthetic pathway between Arabidopsis and Carica 
papaya. Products are written in black and the enzymes in blue. Each transcript copy for each 
enzyme is represented by a colored block. The bioactive GAs are highlighted in red and 
deactivated GAs are highlighted in gray. GGDP – geranylgeranyl diphosphate; CDP – ent-
copalyl diphosphate; CPS – ent-copalyl diphosphate synthase; KS – ent-kaurene synthase; KO – 
ent-kaurene oxidase; KAO –ent-kaurenoic acid oxidase 
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CHAPTER 3: RECOMBINATION ON THE X SPECIFIC REGION OF THE X 
CHROMOSOME IN PAPAYA 
Abstract 
A genetic map for papaya (Carica papaya) was constructed using restriction-site 
associated DNA sequencing (RAD-seq). Fifty-one backcross individuals derived from a cross 
between the dioecious variety AU9 and the gynodioecious SunUp were used to create the linkage 
maps. A total of 228 RAD-seq markers were mapped to 9 major and 2 minor linkage groups. The 
linkage groups were assigned to chromosomes based on previous sequence knowledge. The aim 
of this study, in contrast to previously constructed high-density genetic maps, was to study 
recombination along the X chromosome. The backcross population revealed that the X 
homologous chromosomes recombine normally in the sex specific region. The low level of 
markers generated is most likely due to the low polymorphisms found between AU9 and SunUp. 
Despite the low amount of markers generated, we were able to identify potential centromere 
locations of the remaining 8 chromosomes due to marker cluster location. 
Introduction 
Papaya is a trioecious species with a pair of nascent sex chromosomes controlling sex 
types; females are XX, males XY, and hermaphrodites XY
h
. The recently evolved sex 
chromosome provides a unique opportunity to study the dynamic changes involved in early sex 
chromosome evolution. Papaya and the model species Arabidopsis thaliana and Brassica rapa 
are in the order Brassicales. Their respective families, Caricaceae and Brassicaceae, diverged 
approximately 72 million years ago (Wilstrom et al., 2001), making papaya an ideal outgroup for 
studying comparative genomics within the Brassicaceae family. It has a relatively small genome 
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size of 442.5 Mb (Gschwend et al., 2012a) and small number of chromosomes (2n = 18). It 
flowers year round, can fruit in as little as nine months after planting, produces large amounts of 
seeds (approximately 1000 seeds per fruit), and is readily transformed (Fitch et al., 1992). 
Many genetic maps have been developed for papaya using various marker types, 
including morphology, RAPD, AFLP, and SSR. The first high-density genetic map constructed 
for papaya utilized 1498 AFLP markers, papaya ringspot virus coat protein marker, and the 
morphological markers sex type and fruit flesh color (Ma et al., 2004). This was the first genetic 
map to reveal severe recombination suppression at the sex determining region (SDR) of the sex 
chromosome. Although the AFLP genetic map was a vast improvement over the previous map, 
the anonymous nature of AFLP markers confounded attempts to integrate genomic sequences 
with physical and genetic maps. Attempts to anchor the AFLP markers to the physical map using 
plate, row, column, and diagonal pools of BAC DNA were unsuccessful (Yu, Moore, and Ming, 
unpublished results). It was not until the development of a SSR genetic map that genomic 
sequence and physical and genetic maps were integrated (Yu et al., 2009).  
The SSR genetic map was constructed using 706 SSR markers and the fruit flesh color 
marker (Chen et al., 2007). This map yielded nine major and three minor linkage groups, 
corresponding to the nine chromosomes of papaya. The addition of AFLP markers to the SSR 
genetic map changed some marker positions but was still unable to combine the minor and major 
linkage groups (Blas et al., 2009). It was not until combining FISH with SSR markers probes that 
the minor and major linkage groups were combined (Wai et al., 2010). Although several genetic 
maps exist for papaya, there are none which have been able to construct only nine major linkage 
groups. The nature of the populations created for mapping reveled suppression of recombination 
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between the X and Y sex chromosomes, but no studies have been done to date looking at the rate 
of recombination between the two X chromosomes. 
Restriction-site associated DNA sequencing (RAD-seq) has been successfully used to 
construct many high density genetic maps and QTL mapping including grape, Lolium perenne, 
barley, artichoke, eggplant, Gnathopogon (Pfender et al., 2011; Chutimanitsakun et al., 2011; 
Scaglione et al., 2012; Barchi et al., 2011; Wang et al., 2012; Kakioka et al., 2013). RAD-seq is a 
reduced representation of the genome. It achieves this reduction by fragmenting the genome 
using restriction enzymes and through next generation sequencing, explores the regions adjacent 
to restriction sites and identifies SNPs and InDels. These markers are co-dominant, meaning the 
heterozygote genotype is not masked. This allowing for higher resolution and does not 
artificially inflate marker distance. These markers can differentiate the heterozygote genotype 
from the homozygous dominant. The combination of a reduced representation of the genome and 
the lowering costs of next generation sequencing has made RAD-seq a preferred choice in 
identifying SNPs for genetic mapping, genotyping and identifying genetic markers (Blair et al., 
2012).  
This study used 51 backcrossed individuals derived from a cross between AU9 female 
and a SunUp pollon donor to create a genetic map using RAD-seq technology. This resulted in a 
genetic map with 9 major and 2 minor linkage groups that could be integrated back into the 
physical map. Unlike previous genetic maps that used F2 mapping populations and revealed a 
lack of recombination between the X and Y sex chromosomes, this backcross population focused 
on the two X chromosomes found in females and discovered that not only do the X and Y no 
longer recombine in the sex determining region (SDR), the homologous X chromosomes also 
have limited recombination. The previous SSR genetic map identified over 20 marker clusters, 
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making it difficult to attribute any of the markers to centromeric locations. This RAD-seq map 
has very few marker clusters per linkage group, suggesting locations of centromeres. 
Materials and Methods 
Plant Materials 
The backcross (BS) population was generated by crossing the dioecious variety AU9 to 
the cultivated gynodioecious variety SunUP (pollen donor) (Fig. 3.1). The resulting female F1 
individual was backcrossed to the original SunUp pollen donor resulting in 51 BC1 individuals. 
The parents and backcross population were grown at the Kunia substation on Oahu, Hawaii. 
DNA was extracted from young leaves using the Qiagen DNA extraction kit. The DNA was 
visualized on an agarose gel to verify quality. The final DNA concentration was adjusted to 
100ng/uL for RAD-seq library construction. 
RAD-seq library preparation 
Double digest restriction associated DNA (ddRAD) utilizes double restriction enzyme 
digestion instead of random shearing and end repair steps found in conventional RAD-seq library 
construction, leading to a five-fold reduction in cost (Peterson et al., 2012). In brief, 1 µg of 
genomic DNA from each individual was digested with two different restriction endonucleases, 
NsiI and MseI (New England Biolabs [NEB]), a 6-nucleotide and 4-nucleotide cutter, 
respectively. Samples were digested in a 50 µl reaction at 37C for 2 hours, then heat inactivated 
at 80C for 20 minutes. Modified Solexa P1 and P2 adaptors (Illumina, 2006, all rights reserved) 
– 8 µl of 0.1 µM modified Solexa P1 Adaptor and 1µl 10µM Solexa P2 Adaptor (Illumina, 2006, 
all rights reserved), were ligated to 30 µl of digested DNA using 400 units of T4 DNA ligase 
(NEB), 5 µl of 10 mM rATP (Promega, Madison, WI), 10X NEB Buffer 3, 2.75 µl H2O at room 
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temperature for 4 hours. P1 and P2 adaptor sequences are as follows: P1F: 5´-
GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT xxxxxTGCA-3´ (xxxx indicates 
barcode), P1R: 5´yyyyAGATCGGAAGAGCGTCGTGTAG GGAAAGAGTGTAGATC-3´ 
(yyyy indicates reverse complement of barcode); P2F: 5´-
TAGATCGGAAGAGCACACGTCTGAACTCCAGTCACCTTGTAATCAGAACAA-3´, P2R: 
5´-
CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC-3´. The ligated DNA samples were heat inactivated at 65C for 20 minutes then 
pooled together. The pooled DNA samples were size selected for 200-500 bp fragments using 
agarose gel electrophoresis (1% agarose [Sigma], 0.5X TBE) and purified using a MinElute Gel 
Extraction Kit (Qiagen). Phusion High-Fidelity PCR Master Mix (NEB) was used to amplify the 
purified DNA for 18 cycles following guidelines provided by NEB in 50 µl reactions, containing 
25 µl Phusion Master Mix (NEB), 2 µl of 10 uM modified Solexa amplification primer mix 
(2006 Illumina, Inc., all rights reserved), and H2O to 50 µl. The pooled samples were purified 
using QIAquick PCR purification kit (Qiagen), and the concentration was adjusted to 10 nM for 
Illumina HiSeq 2000 sequencing. 
RAD sequence analysis, SNP discovery and genotyping 
RAD-seq data was filtered to remove low-quality reads (Q score <20) and reads missing 
the correct barcode. The average read number for each library was 1,500,000 with an average 
read length of 100 bp. SNP and InDel sites were identified using a custom protocol of Shell and 
Perl scripts (Bio- marker Technologies Co. Ltd.). In brief, the 100 bp raw sequence reads were 
sorted by barcode using Stacks (Catchen et al., 2011) and then trimmed to 92 nucleotides. 
Novoalign (http://www.novocraft.com/) was used to align nearly identical RAD tags and reads 
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with two or less mismatches (SNPs or 1-2 bp Indels) to the reference papaya genome and the 
fully sequenced sex determining region of the X chromosome. The SAM output was converted 
to BAM format and sorted using the Samtools suite (Li et al., 2009). 
Parental RAD-seq reads were aligned into clusters of identical sequencing tags to the 
repeat masked draft papaya genome sequence in order to reduce the number of misidentified 
polymorphisms found due to high copy number of repetitive elements. Clusters containing less 
than 4 reads or more than 200 reads were removed from analysis to avoid sequencing errors. 
Markers containing SNPs between the parents and the progeny were identified as candidate 
markers. Genotypes of the BC1 individuals were identified by aligning the markers into clusters 
and comparing them to the parental marker. Marker position was assigned based on the highest 
scoring BLAST hit.  
Linkage map construction 
The papaya linkage maps were constructed using JoinMap 4.1 (Van Ooijen, 2011). The 
map was designated as a BC1 population and SNP markers were coded as either a, b, or h. Any 
marker with greater than 20% missing data was dismissed to avoid artificially inflating map 
distances. A regression mapping algorithm with a maximum recombination rate of 0.40 using the 
Kosambi mapping function was utilized to group makers. Markers were assigned to linkage 
groups with a minimum threshold LOD score of 4.0. Linkage groups were numbered to correlate 
to previously published genetic maps and assigned chromosome numbers based on Wai et al. 
2012. 
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Results 
RAD sequencing and marker processing 
 Many high-resolution genetic maps for papaya have been constructed using AFLP, SSR, 
or a combination of both SSR and AFLP markers (Ma et al., 2004; Chen et al., 2007; Blas et al., 
2009). The previous maps utilized F2 populations which revealed suppression of recombination 
between the X and Y sex chromosomes. We constructed a backcross population, crossing a 
female AU9 with a hermaphrodite SunUp (AU9 x SunUp), yielding a F1 female. The F1 female 
was backcrossed to the hermaphrodite pollen donor parent (Fig. 3.1). The backcross population 
allows the study of recombination between the two homologous X chromosomes in females. 
This is the first time recombination between the X chromosomes has been studied in papaya. 
SSR markers are co-dominant and compared to dominant markers can reduce artificially 
inflated map distances. However, they are biased toward low copy, gene rich regions of the 
genome. RAD-seq shears the genome using restriction enzymes. The restriction enzymes used to 
generate this map, NseI and MseI, are methylation insensitive. Gene poor regions tend to be 
hypermethylated whereas gene rich regions are hypomethylated. The use of methylation 
insensitive enzymes circumvents biases towards either gene rich or gene poor regions. 
Illumina technology was used to sequence the RAD-seq libraries. Reads were first sorted 
by individual and then trimmed to 92 bp. Low quality reads or reads with ambiguous or incorrect 
barcodes were removed. The remaining 76.7 million high quality100 bp reads were used for 
further analysis. Of the remaining 76.7 million reads, an average of 4.9 million reads was 
generated per parent, and 1.3 million reads per backcross (BC) individual (total of 51 BC 
offspring). 
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Parental RAD-seq reads were sorted into clusters containing identical sequencing tags. 
Any tags greater than 200 or less than 4 reads were discarded to avoid errors due to sequencing 
error or highly repetitive regions. The clusters were aligned against the papaya whole genome 
which was masked against repetitive elements; the masked genome was assembled into 
pseudochromosomes. Markers containing SNPs between the parents and the progeny were 
identified as candidate markers. This resulted in 1520 polymorphic markers between the parental 
genotypes. Genotypes of the BC1 individuals were identified by aligning the markers into 
clusters and comparing them to the parental marker. Marker position was assigned based on the 
highest scoring BLAST hit. Despite an average of 1.3 million reads per BC individual, many 
markers were missing data from multiple individuals. Any marker with > 20% missing data was 
removed from genetic map construction. Of the 1520 polymorphic, only 386 (25%) of the 
markers were of sufficient quality for map construction use.  
Genetic map 
A total of 386 RAD-seq markers were used to create the papaya genetic map. Of the 385 
markers, only 228 (59%) markers mapped to 9 major and 2 minor linkage groups (LG) (Fig. 
3.2); the remaining markers remained unlinked. Papaya has a haploid chromosome number of 9, 
which closely matches the number of major linkage groups. The minor linkage groups were 
placed with the major linkage groups based on known papaya genome sequence. The linkage 
groups were assigned chromosome names from Wai et al., (2012).The total distance mapped 
across the 11 linkage groups is 470.71 centimorgans (cM), with an average distance of 2.07 cM 
between markers (Table 3.1). The linkage groups vary widely in size, with the largest linkage 
group spanning 79 cM, whereas the smallest linkage groups is 20 cM long. The largest linkage 
group correlates to chromosome 1, or the sex chromosome in papaya, while the smallest 
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corresponds to chromosome 2. The genome-wide average recombination rate is 1.1 cM/Mb, but 
this is not consistent between chromosomes or within a chromosome. Nearly all markers located 
on the same chromosome (227/228) mapped together, however marker order does not correlate 
perfectly to previously assembled sequence. 
Marker clusters (≥5 markers / cM) can be found in seven of the nine major linkage 
groups (Table 3.1). The largest group is found on chromosome 2, with a cluster of 18 markers. 
Most linkage groups have only a single cluster. Marker clusters are indicators of suppression of 
recombination and are often associated with centromeric locations. Previous papaya genetic 
maps identified marker clusters, but nearly all the linkage groups contained more than two 
clusters. 
Recombination between homologous X chromosomes. 
The backcross population between the genetically divergent AU9 and SunUp cultivars 
was created to study recombination between the X chromosomes (Fig. 3.1). The previous high 
density genetic maps showed recombination suppression between the X and Y chromosomes at 
the sex locus (Ma et al., 2004; Chen et al., 2007; Blas et al., 2007). The sex determining region 
on the X chromosome was sequenced and mapped to the X chromosome; it lays in a region 
between 14.5 Mb and 18 Mb on the sequenced and assembled portion of chromosome 1 
(analogous to LG1). The SSR genetic map has 11 markers that not only co-segregate with sex, 
but also do not recombine. This RAD-seq genetic map has 5 markers that map to this region, 
spanning a total of 15.2 cM (Fig. 3.3). The lack of a major marker cluster suggests the two 
homologous X chromosomes in females are not experiencing the severe recombination 
suppression as seen between X and Y chromosomes.  
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Discussion 
Rapid advances in next generation sequencing technologies in conjunction with new 
molecular techniques such as restriction-site associated DNA sequencing have increased the rate 
at which genome analysis can be conducted while simultaneously decreasing cost. This is 
especially true for non-model organisms which do not have a reference genome. RAD-seq 
reduces the complexity of the genome by using restriction enzymes to fragment the genome. 
Regions adjacent to the restriction sites of the proper length are sequenced then analyzed for 
SNPs and InDels. The data generated from RAD-seq has effectively been used to generate 
genetic maps, identify QTLs, and helps with marker assisted selection (Blair et al., 2012). RAD-
seq relies on populations with high polymorphisms between individuals as it is a reduced 
representation of the genome rather than skim sequencing. There is a genome wide average of 
321 SNPs per 100 kb and 57 InDels per 100 kb across the papaya AU9 genome. Polymorphisms 
are more infrequent in AU9 than elite indica rice inbred lines (667 SNP per 100 kb, 44.1 InDel 
per 100 kb) (Subbaiyan et al., 2012). The low polymorphic rate could explain the low density of 
RAD markers generated. 
This backcross derived genetic map shows that recombination suppression of the sex 
determining regions is limited to the XY homologous pair. Homologous X chromosomes are 
expected to experience autosomal levels of recombination, even in the sex determining region 
(SDR). This region accounts for approximately 15% (3.5 Mb) of the entire chromosome length. 
The papaya SDR of the X chromosome is thought to lie in the pericentric region (Gschwend et 
al., 2012b). Pericentric regions in plants are known to have reduced variation in nucleotide 
sequence (Du et al., 2012; Lai et al., 2010). Reduced nucleotide variation is known to exist in not 
only pericentric regions, but also in X chromosomes, as observed in humans and Drosophila 
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(Sachidanandam et al., 2001; Begun et al., 2007; Macay et al., 2012). Reduction of variation on 
the X chromosome is thought to be due to a combination of purifying and positive selection. 
With the decrease in SNPs along the SDR of the X, it is expected to have a low frequency in 
detection of RAD markers. This correlates well with previously published SNP data (Fig. 3.4). 
Based on marker locations, centromeric locations can be inferred. Centromeres typically 
lack recombination between the homologous chromosomes (Lambie and Roeder 1986; 
Dobzhansky 1930). If the markers are randomly distributed throughout the genome, any 
clustering of markers would suggest an inhibition of recombination. Previous genetic maps have 
used marker clusters to identify potential centromere locations; their locations were later 
physically verified (Tanksley et al., 1993; Harushima et al., 1998; Chen et al., 2002; Ramsay et 
al., 2000). Previous papaya genetic maps were unable to identify centromere locations due to the 
abundance of clusters on several linkage groups. This map has a low frequency of clusters, many 
of which are limited to single clusters per linkage group. These clusters are most likely 
centromere locations. Despite the identification of potential centromeres on most chromosomes, 
no centromere was detected on the sex chromosome. It should be located in the sex determining 
region of the X chromosome, but there is a distinct lack of any marker clusters, which is 
indicative of centromeres. This inability to identify centromere location is most likely due to the 
low density of RAD-seq markers. 
There are many advantages to utilizing emergent high technologies in combination with 
established molecular methods. Using RAD-seq in conjunction with high throughput sequencing 
has enabled researchers to generate genetic maps for non-model organisms and identify 
important traits within the genome. However, there are limitations to these technologies as well; 
this technique relies on high genetic polymorphisms between individuals in a given population. 
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If the system studied is highly inbred, or the populations genetically very similar, the amount of 
useful data generated is not as great. We were able to successfully utilize RAD-seq to not only 
identify centromere locations, but also to display the X chromosomes are still able to recombine 
in the homogametic sex.   
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Table 3.1 Summary for AU9 X SunUp backcross linkage groups 
Chromsome 
no. 
SSR LG 
no. 
Size 
(cM) 
Marker 
no. 
Average 
distance (cM) 
Cluster position (cM) (no. of 
markers) 
Chr 1  LG1 79.575 23 3.46 n/a 
Chr 2 LG9 20.1 27 0.74 3 cM (18) 
Chr 3  LG6 41.418 22 1.88 17 cM (7) 
Chr 4  LG2 60.664 19 3.19 44 cM (9) 
Chr 5  LG5 44.016 24 1.83 43 cM (6) 
Chr 6  LG3 27.294 25 1.09 1 cM (5); 11 cM (8) 
Chr 7  LG7 61.102 21 2.91 0.5 cM (5); 32 cM (4) 
Chr 7a LG7 14.508 7 2.07  n/a 
Chr 8 LG4 36.459 13 2.80 n/a 
Chr 8a LG4 26.161 13 2.01 n/a 
Chr 9 LG8 59.413 34 1.75 9 cM (12); 11 cM (6); 23 cM (5) 
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Figure 3.1 Schematic for backcross population 
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Figure 3.2  
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Figure 3.2 (cont.) RAD seq genetic map of papaya. The numerals along the left of the map 
represent distances in centimorgans (cM). The marker names along the left side are coded as 
follows: The first three positions represent which SSR linkage group (Chen et al., 2007) it is 
analogous to. The number following the dash is the position of the SNP on the super contig from 
the integration of the physical and genetic maps (Yu et al., 2009). The last letter represents the 
SNP. 
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Figure 3.3 Linkage maps for chromosome 1 (sex chromosome). The sex determining region of 
the sex chromosome is highlighted in red. The left linkage group shows recombination 
suppression between the X and Y chromosome using a F2 map generated using SSR markers, 
whereas the RAD-seq backcross populations shows there is recombination between the two 
homologous X chromosomes in females. 
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Figure 3.4 Reduced polymorphism in the X specific region between ‘SunUp’ and ‘AU9’. The 
frequency of SNP/InDels are plotted along the length of chromosome 1. Polymorphism 
frequencies for the pseudo-autosomal region (PAR) are shown in green, and frequencies for the 
X region are shown in blue. The x-axis shows the physical distance along chromosome 1 split 
into 200 kb windows with 50 kb overlap. The y-axis represents the frequency of polymorphisms 
per sliding window. The black diamonds are the physical locations for RAD markers along 
chromosome 1. 
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CHAPTER 4: Y DEGENERATION AND DOSAGE COMPENSATION IN THE 
NASCENT PAPAYA SEX CHROMOSOMES 
Abstract 
Carica papaya is a trioecious plant with young homomorphic sex chromosomes that 
evolved approximately 7 million years ago. The X and Y chromosome in papaya have previously 
been extensively studied with detailed analysis of gene content and loss. Here we use next 
generation sequencing technology to explore if papaya is experiencing Y degeneration and 
dosage compensation. RNA-seq data was generated from multiple females (XX), males (XY), 
and hermaphrodites (XY
h
). Expression levels were compared between the different sexes and 
also between leaf and flower tissue. There is a significant decrease in the Y allele expression in 
male leaf tissue only, suggesting degeneration of the Y chromosome in males only, and not 
hermaphrodites. There is no detectable dosage compensation initiation in these primitive sex 
chromosomes. Dosage compensation is a phenomenon common to many well established animal 
sex chromosome systems but is not necessary found throughout all lineages with sex 
chromosomes. We suggest that plant sex chromosomes may not undergo the same rate of 
degeneration as animal Y chromosomes and that dosage compensation is not a necessary end for 
sex chromosome evolution. 
Introduction 
Sex chromosomes have evolved independently numerous times across many diverse 
lineages, including mammals, insects, and plants (Ohno, 1967; Bull, 1983; Fraser and Heitman, 
2004; Graves and Peichel, 2010). Sex chromosomes originated as a pair of recombining 
autosomal chromosomes, but due to chromosomal rearrangements, such as inversions and 
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translocations, have since ceased recombining (Bergero and Charlesworth, 2009). One of the 
most well studied sex determining system is the XY system, though other systems are utilized, 
including ZW, and UV (Bull, 1983). The human XY chromosomes are thought to have evolved 
approximately 150 million years ago ago in the eutherian lineage (Potrzebowski et al 2008). 
Since forming, the human Y chromosome has undergone severe degeneration and massive gene 
loss (~ 97%) (Skaletsky et al., 2003; Ross et al., 2005). Despite the loss of the Y allele in the 
original XY gene pair, XY males and XX females have equal transcript expression of X-linked 
genes due to a phenomenon called dosage compensation. Dosage compensation can be obtained 
through different mechanisms, including inactivation of one X chromosome in females, as seen 
in humans, doubling the expression of the X allele in males, as seen in drosophila males, or 
partially repressing expression of both X alleles in females as seen in C. elegans. 
The fitness of the Y chromosome is affected by many evolutionary processes including 
Muller’s ratchet, Hill-Robertson effect, background selection, and gene hitchhiking. The loss of 
fitness of the Y chromosome is thought to be one of the driving forces behind the evolution of 
dosage compensation and Y inactivation. The decreased fitness of the Y chromosome makes it 
advantageous to increase expression of the X allele and decrease expression of the Y allele in 
males. The simultaneous increase in X allele expression and decrease in Y allele expression 
yields a total expression level similar to that of females expressing normal levels of the X allele. 
This results in, over long periods of time, the complete loss of expression of the Y allele and 
double the expression of the X allele.  
Dosage compensation has been extensively studied in animal systems but very little work 
has been done in plants. Silene latifolia (white campion) is a dioecious plant with heteromorphic 
XY sex chromosomes that originated approximately 10 million years ago. Recent evidence 
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suggest that S. latifolia is undergoing Y degeneration and has evolved dosage compensation in 
its relatively young sex chromosome (Muyle et al., 2012). 
Carica papaya (papaya) is a trioecious tropical fruiting plant with homomorphic sex 
chromosomes that evolved approximately 7 million years ago (Wang et al., 2012). Similar to 
humans and S. latifolia, the three sex types are determined using the XY system, with females as 
XX, males XY, and hermaphrodites XY
h
 (slightly modified Y). The sex specific region of both 
the X and Y chromosomes have recently been sequenced and annotated, allowing for an in depth 
detailed analysis of young sex chromosomes. The sex specific region of the X and Y 
chromosome are 3.5 Mb and 8.1 Mb, respectively (Wang et al., 2012). The trioecious nature of 
papaya provides a unique opportunity to study the development of dosage compensation and to 
study if there is a difference between dioecious and gynodioecious varieties. 
This study used next generation sequencing (NGS), specifically RNA-seq, to determine if 
Y degeneration and dosage compensation can be seen in the young, homomorphic papaya sex 
chromosomes. Comparisons were made between Y-linked and X-linked alleles in male, 
hermaphrodite, and female papaya using both flower and leaf tissue in the dioecious variety AU9 
and the gynodioecious variety SunUp. We found evidence of Y degeneration in male papaya but 
not hermaphrodite papaya when looking at leaf tissue, suggesting the male Y may be older than 
the hermaphrodite Y chromosome. Floral tissue yielded no difference, most likely because the 
sex chromosomes contain many genes associated with sex organ formation which could result in 
skewed transcript data. While there was evidence of the beginnings of Y degeneration, we did 
not find any evidence suggesting dosage compensation is occurring. 
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Materials and Methods 
Female and male tissue was collected from the dioecious variety AU9, and female and 
hermaphrodite tissue from the gynodioecious variety SunUp. All plants were grown in the field 
at the HARC institute in Hawaii. Leaf tissue was gathered from young leaves. Flowers ranging in 
size from 1-12 mm were harvested. Tissue was gathered from multiple individuals (minimum of 
3) and those of the same sex type and variety were ground together and extracted together. Total 
RNA was extracted a total of 3 times per sex and tissue type using the trizol method and the 
extracted RNA was further treated with DNase. RNA quality was evaluated using a Bioanalyzer 
and quantity was determined using an Invitrogen Qubit. The extracted RNA was sequenced 
using the stranded RNAseq Illumina protocol (fragment length of ~200 bp). A total of 3 libraries 
were made for each tissue and sex type, resulting in 3 replicates. Each library was tagged and 
pooled for sequencing. Read counts per library were approximately 20 million reads per library. 
RNA-seq reads were aligned to the previously annotated papaya sex specific CDS using 
Novoalign software (Novocraft Technologies). Alignments were manually verified using Tablet 
(Milne et al., 2013). Expression of X and Y linked alleles was determined by comparing read 
counts that aligned to sex specific SNPs to accurately determine sex specific expression. 
Expression levels were normalized for each library to number of reads per kilobase per million 
mapped reads (RPKM). Average RPKM values between replicates were used for analysis. 
Results 
Validation and correction of Sex-Linked transcripts 
Sex-linked genes were previously identified on the papaya X and hermaphrodite specific 
region of the Y (HSY) chromosome (Wang et al., 2012). RNA-seq data was used to correct 
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transcript sequences for female, hermaphrodite, and male transcript nucleotide sequences. RNA-
seq reads were mapped to the previously annotated sex-linked genes and each nucleotide identity 
was verified manually using the visualization program Tablet (Milne et al., 2013). This was done 
for paired genes (genes found on both sex chromosomes), Y/Y
h
-specific genes, and X-specific 
genes. Transcripts with either no read alignments or with 100% nucleotide identity between the 
X and Y/Yh allele were excluded from analysis resulting in a total of 36 of the original 50 paired 
genes for analysis.  
Expression analysis of X vs Y linked alleles in males and hermaphrodites 
Read counts were totaled and converted into RPKM for each tissue and sex type to 
normalize for differences in library preparation. Comparisons were made between Y-linked and 
X-linked alleles in male and hermaphrodite papaya in both flower and leaf tissue. If the Y-
allele/X-allele expression ratio is equal to 1, then there is equal expression between the two 
chromosomes, suggesting no loss of Y-allele expression. A ratio less than 1 indicates reduced Y-
allele expression whereas a ratio greater than 1 specifies an increase in Y-allele expression. 
There is a loss of Y-allele expression in male leaf tissue only (Y/X median expression = 0.75, 
Wilcoxon paired test p <0.00003); male flower and hermaphrodite flower and leaf Y/X 
expression does not significantly deviate from 1. (Fig. 4.1) 
Loss of the Y-allele expression is often indicative of the early evolution of dosage 
compensation. This begs the question, has dosage compensation evolved in the newly formed 
papaya sex chromosomes. Female papaya is the homogametic sex (XX) while the male and 
hermaphrodite is heterogametic (XY or XY
h
). If there is dosage compensation, then the 
expression of the single X-linked allele in males compared to the two X-linked alleles in females 
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should approach 1. A lack of dosage compensation will yield a ratio of 0.5 when comparing 
expression between the single male/hermaphrodite X and the two female X. There are very few 
X-specific genes displaying expression in the selected tissues, only 3 putative transcripts. There 
are varying levels of dosage compensation between genes and between tissue types of these 3 
genes. Based on the limited data set, it is impossible to determine if there is compensation based 
on the X-specific gene expression alone. Comparisons between the X-allele expression in XY 
paired genes reveal that global dosage compensation is not a mechanisms employed by papaya. 
The median 1X male to 2XX female ratio for AU9 and SunUp leaf tissue is 0.57 and 0.65 
respectively (Fig. 4.2A). The median expression for AU9 and SunUp flower tissue is 0.51 and 
0.49 respectively (Fig. 4.2B).  
While papaya lacks global dosage compensation, some genes displayed high expression 
of the X-linked alleles in the heterogametic sex (male or hermaphrodite). CpXY38, an integral 
membrane protein, has a 1X male to 2XX female expression ratio of 1.8 and 1.3 for flower and 
leaf tissue, respectively. Interestingly, this expression pattern is not seen in hermaphrodites for 
this gene, which has a ratio of 0.6 for both flower and leaf tissue. The Y-allele for CpXY38 is 
hermaphrodite specific, meaning males do not express the Y-linked allele of the gene, whereas 
hermaphrodites do. Total expression of CpXY38 is similar between males and hermaphrodites 
due to an increase in X linked allele expression to compensate for an absence of Y-linked allele 
expression in males. CpXY15 has high 1X:2XX expression of 1.2 in SunUp leaves. This gene is 
a putative FUSED serine/threonine protein kinase family protein that has been shown to play a 
key role in the hedgehog signaling pathway, regulating cell proliferation and patterning in 
drosophila and humans (Lum and Beachy, 2004; Ogden et al., 2004). In Arabidopsis, FUSED 
functions in cytokinesis in meristems and during male and female gametogenesis (Oh et al., 
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2005). CpXY34 is a metal-dependent phosphohydrolase, a class of enzymes thought to be 
involved in single transduction (Galperin et al., 1999). This gene shows high 1X:2XX expression 
in SunUp leaf with a ratio of 1.4.  
Total reads were summed for sex linked genes and the median expression level of XY 
males was normalized against XX female median expression. Overall expression level is the 
same between male/hermaphrodite and female (Fig. 4.3). Both varieties SunUp and AU9 showed 
similar trends. As expression of the Y allele decreases, X-allele expression increases allowing for 
a total of expression equivalent to that of females.  
Comparison between the X and HSY/MSY sex specific region on the Y/Yh chromosome 
There are 2 distinct evolutionary strata found on the Y chromosome. The oldest strata, 
inversion 1, evolved approximately 7.0 million years ago and the younger inversion 2 about 1.9 
million years ago (Wang et al., 2012). Despite the difference in the age in the stratum, there is no 
correlation between the extent of Y allele degeneration and the age of the strata (Fig. 4.4). 
Discussion 
Y degeneration 
Y degeneration is a phenomenon common to ancient sex chromosomes across genera. 
Many processes contribute to the accumulation of mutations and subsequent degeneration of the 
Y chromosome including Muller’s Ratchet, gene hitchhiking, Hill-Robertson effect, and 
background selection. There is a distinct lack of work done in the early formation of sex 
chromosomes specifically studying when and how Y degeneration occurs. Most of the work 
done in sex chromosomes has been in mammalian or other animal models. Very little work has 
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been done in plant sex chromosomes, so the question remains, are plant genomes subject to the 
same evolutionary forces as animal genomes? 
Drosphila miranda has a neo-Y chromosome that is the product of a fusion of an 
autosome and the ancestral Y chromosome. This fusion is thought to have occurred about 1 
million years ago. Since the formation of the neo-Y chromosome in D. miranda, there has been 
substantial Y degeneration with over half of the genes on the ancestral chromosome either lost 
entirely or pseudogenized (over 1000 genes) (Bachtrog et al., 2008). This high rate of Y 
degeneration is not unusual for the Y chromosome in animals but is uncommon in plants. In 
Silene latifolia, a plant with sex chromosome that formed approximately 10 million years ago, 
there is very little degeneration of the Y-linked alleles (Muyle et al., 2012). The difference in 
degeneration between the young D. miranda and the relatively older S. latifolia Y chromosome 
is most likely due to the fact that animal haploid Y containing gametes (sperm) have very limited 
gene expression whereas plant haploid Y gametes (pollen) have many expressed genes (Schafer 
et al,. 1995). This could result in differential selective pressures between animal and plant Y 
chromosomes. While this is a plausible explanation for the difference in degeneration between 
animal and plant Y chromosomes, it also needs to be considered that Drosophila has a very short 
generation time compared to Silene. If the number of generations in which the Y chromosome 
has not experience recombination is considered in addition to the rate of synonymous divergence 
of genes, the age of the Y chromosomes become much more similar (Bachtrog, 2011).  
The papaya Y chromosome appears to experience very little Y degeneration, and in fact, 
the results show only the male Y chromosome is undergoing degeneration and not the 
hermaphrodite Y
h
. The hermaphrodite Y
h
 is most likely a product of domestication and once 
domesticated, has experienced very little outcrossing (VanBuren personal communication). The 
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ancestral state of papaya was synoecious, from which dioecy evolved giving rise to the present X 
and Y chromosome seen today. The Y
h
 is an evolutionary new phenomenon, dating to 
approximately 5,000 years ago (VanBuren personal communication). If the Y degeneration seen 
in the male and not the hermaphrodite is due to the fact that the male Y is the ancestral Y 
chromosome, it would be expected that the genes displaying the greatest extent of degeneration 
would be found in the oldest evolutionary stratum but that is not the case seen here. There is in 
fact no difference between any of the evolutionary stratum. Another explanation for the 
difference in degeneration is that the AU9 male Y used in this study is from an evolutionary 
distinct population than the domesticated hermaphrodite Y
h
 (VanBuren personal communication) 
and has therefore experienced different evolutionary pressures. A third hypothesis is that the 
maintained high Y
h
 expression in hermaphrodites is due to the reversal back to the ancestral 
hermaphrodite state. A loss of carpel suppression could require the maintenance and up 
regulation of expression that males do not need.  
Genes that maintain high Y expression  
Some genes have a usually high Y-allele expression, especially when analyzing the floral 
tissue samples. One of the genes expressing high expression has a putative function homologous 
to ASYMMETRIC LEAVES. This gene is known to be involved in not only abaxial-adaxial leaf 
development, but it also forms a complex with CONSTANS to regulate flower induction via 
FLOWERING LOCUS T (Song et al., 2012). Male papaya flowers tend to bloom earlier than 
either the female and hermaphrodite counterparts. This could be in part due to the high 
expression of putative ASYMMETRIC LEAVES gene. Other genes that maintain high Y-allele 
expression are housekeeping genes involved in basic cell functions, such a kinesin light chain- 
gene, L-ASPARTATE OXIDASE, an amino acid metabolism gene, and guanosine-3',5'-
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bis(diphosphate) 3'-pyrophosphohydrolase, a stress response gene. These genes may need to 
maintain their expression level due to their function in basic cellular function, especially in the 
haploid state.  
Dosage Compensation 
There is much debate whether dosage compensation is a necessary mechanism with the 
formation of sex chromosomes. Dosage compensation has been well studied in animal systems 
and is found in many model organisms including humans, Drosophila, and C. elegans 
(Charlesworth 1978; Rice 1987; Marin and Baker 1998). In these systems, the male is the 
heterogametic sex. While dosage compensation is common, in is not found in all organisms with 
sex chromosomes. This is exceptionally prevalent in species using the ZW system as seen in 
chickens (Gallus gallus) and zebra finch (Taeniopygia guttata) (Ellegren et al., 2007; Itoh et al., 
2007). These model organisms showed that while some individual genes showed compensation, 
the majority of genes on the Z chromosome do not show equal expression between the sexes. 
This has also been found in silkworm (Bombyx mori) and many Lepidopteran species (Zha et al., 
2009; Traut et al., 2007).  
Why is there dosage compensation in some lineages but not others? If it were a function 
of the age of the sex chromosomes, it is expected that species that do not have global 
compensation have younger sex chromosomes. There is no significant difference between the 
ages of the sex chromosomes between organisms that have global compensation and those that 
do not (Bininda-Emonds et al., 2007; Potrzebowski et al., 2008; Koerich et al., 2008; Mank and 
Ellegren, 2007; Stiglec et al., 2007; Kawai et al., 2009; Cutter, 2008; Traut et al., 2007). The lack 
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of global dosage compensation across all linages with sex chromosomes, regardless of age of the 
chromosome, suggests that this mechanism is not a necessary step in sex chromosome evolution.  
The current hypothesis for why this is common among species utilizing ZW is because 
the female sex is the heterogametic sex whereas species utilizing the XY system the female is the 
homogametic sex. Female gametes require conserved expression of the many genes required for 
embryo formation and development. It is expected that males in both animals and plants will 
experience higher rates of degeneration. The need to conserve expression in the female gamete is 
analogous to the male gamete in plant species. Plant pollen requires expression of a larger subset 
of genes compared to mammalian sperm. Papaya does not have any global dosage compensation; 
rather specific genes have maintained high X-allele expression. The genes that do show 
compensation are those that are either involved in signaling or are essential in gametogenesis.  
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Figure 4.1 Distribution of Y(Yh)/X expression ratios of C. papaya males and hermaphrodites. 
Total Y (or Y
h
) and X reads were summed for each allele and RPKM determined for each 
sample individually. Median Y/X expression ratio in male leaf is significantly less than 1 
(Wilcoxon paired test p-value = 0.003429), suggesting Y degeneration on the male Y. 
Hermaphrodite Y/X expression ratio does not deviate significantly from 1.  
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Figure 4.2 Distribution of expression ratio between 1X males and 2XX females. Median 
expression ratio for AU9 leaf and SunUp leaf are 0.57 and 0.65 respectively. Median 1X:2XX 
ratio of AU9 flower and SunUp flower are 0.51 and .48 respectively. While the expression ratio 
for SunUp leaf deviates from 0.5, it is not significantly different. 
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Figure 4.3 Expression levels of paired genes between the different sexes. Male total expression 
was normalized to the female total expression. X and Y allele expression in males is represented 
as a percentage of the total male expression. 
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Figure 4.4 Comparison of Y-allele expression to X-allele expression ratios based on 
evolutionary strata in AU9 males and SunUp hermaphrodites. There is no significant difference 
between the strata. 
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